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INTRODUCTION
The skin is an external organ that is most frequently exposed to radiation. High-dose radiation initiates and promotes acute radiation injuries and skin cancers. It is important to investigate the influence of high-dose radiation exposure of the skin at the molecular level to understand acute radiation injury. In addition, the discovery of a biomarker for predicting the prognosis of such injury is expected, because the effects of X-ray on the skin are dose-dependent and easily detectable by visual inspection. On the other hand, the influence of high-dose X-or gamma-ray radiation exposure on human skin at the molecular level has been hardly analyzed due to the limited use of human materials.
Mitogen-activated protein kinase (MAPK) pathways are linked to the growth-factor-mediated regulation of diverse cellular events such as apoptosis, proliferation, and senescence. MAPK can also control cell fate, especially cell death, after irradiation in a cell-type-dependent manner. The p38 pathway plays an important role in the control of radiation-induced G 2 /M arrest, which is protective; in certain cell types, it also plays a proapoptotic role via the induction of GADD transcription factors. 1) Although the activation of the Jun amino-terminal kinase (JNK) pathway was initially linked to the toxic effects of radiation signaling, a recent study has shown that JNK can either protect or enhance radiation toxicity in a cell-type-dependent manner. 1) Therefore, the JNK and p38 pathways appear to provide signals for both cell survival and cell death in a cell-type-specific manner. However, MAPK pathways in human skin or normal keratinocytes are poorly described, but appear to be activated by high-energy radiation.
Recently, we have searched for, using microarray technology, and identified ATF3 as a candidate gene associated with injury to the skin caused by high-dose radiation exposure. 2) ATF3 is induced and accumulates within the nuclei of keratinocytes after X-ray irradiation in vivo and in vitro . In transient expression assay, exogenous ATF3 was found to induce apoptosis in keratinocytes. Both the protective and detrimental effects of ATF3 expression have been reported in other cells. Rat ATF3 induces partial transformation in primary cells, suggesting that rat ATF3 per se possesses oncogenic potential. 3) In HeLa cells, the overexpression of ATF3 enhances etoposide-or camptothecin-induced apoptosis. 4) On the other hand, the overexpression of ATF3 moderately suppresses cell growth in HeLa cells. clearly demonstrated a proapoptotic role of ATF3 in beta cells. 7) However, the ATF3 function and ATF3-signal cascade in human skin remains to be elucidated.
In this study, we characterized ATF3 induction after Xirradiation in normal human skin cells.
MATERIALS AND METHODS

Cell lines and cultures
Normal human keratinocytes were purchased from Sanko Junyaku Corporation (Osaka, Japan) or Kurabo Industries Ltd. (Osaka, Japan).
2) The cells were cultured in EpiLife Extended Life Span serum-free medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with bovine pituitary extract (BPE)-free keratinocyte medium supplement (Sigma-Aldrich) and an antibiotic. Normal human fibroblasts, TIG112 (skin fibroblast), TIG1 (lung fibroblast), and TIG3 (lung fibroblast), were obtained from the Health Science Research Resources Bank (Osaka, Japan). Normal human skin fibroblasts (NHDF1 and NHDF2) were purchased from Kurabo Industries Ltd. (Osaka, Japan). The cells were cultured in DMEM supplemented with 10% fetal bovine serum and an antibiotic, 8) and maintained in a humidified incubator at 37 ° C under 5% CO 2 .
Cells in the exponentially growing phase were exposed to various chemicals ( i.e ., Anisomycin, Actinomycin D, and Etoposide) at room temperature. Anisomycin, a JNK and p38 MAPK activator, and Actinomycin D, an inhibitor of RNA synthesis, were purchased from Sigma-Aldrich. Etoposide, a DNA double-strand break inducer, was purchased from Wako Pure Chemical (Osaka, Japan).
X-irradiation
Cells in the exponentially growing phase were exposed to various doses (1, 2, 5, and 10 Gy) of X-ray at room temperature.
2,9) X-ray was generated at 200kVp/20mA and filtered through 0.5 mm each of Cu and Al using Pantak HF320S (Shimadzu, Kyoto, Japan).
Northern blot analysis
Total RNA for culture cells was isolated using a Purescript RNA isolation kit (Gentra Systems Inc., MN, USA). Poly A RNA was isolated using a Genelute direct mRNA miniprep kit (Sigma Aldrich Corp., MO, USA). The amount of RNA was quantified by measuring optical density at 260 nm. Both Poly A and total RNA were loaded on a 1% formaldehyde agarose gel, transferred to a Hybond-N membrane (Amersham Biosciences Corp., NJ, USA), baked, and hybridized to alkaline phosphatase-labeled cDNA and detected using an AlkPhos direct labeling and detection system with CDP-star (Amersham Biosciences Corp., NJ, USA). After the probes had been stripped from membranes, the membranes were reprobed using the genes used as control.
RT-PCR analysis
RT-PCR analysis was performed as previously described.
2) In short, total RNA was isolated using an SV total RNA isolation system (Promega, Madison, WI) according to the manufacture's protocol. RT-PCR was carried out using a Qiagen One-Step RT-PCR kit (QIAGEN Inc, Chatworth, CA) according to the manufacture's protocol. The primer sequences used were as follows: sense 5'-aggtctgcgaggaacagaag-3' and antisense 5'-agcgtgtgaggcggtagtag-3' (447 bp) for human cyclin D1 ; sense 5'-caccctcaacggcgagatc-3' and antisense 5'-ccacagagcacgtaattcctc-3' (146 bp) for human Id1 ; sense 5'-ctttgtcaaggaagagctgag-3' and antisense 5'-ttagctctgcaatgttccttc-3' (429 bp) for human ATF3 ; sense 5'-gccgcagagtgcttaga-3' and antisense 5'-atcctctacctggtcagctgacccacaacttt-3' (521 bp) for human par-4 ; and sense 5'-tgaaggtcggagtcaacggatttggt-3' and antisense 5'-catgtgggccatgaggtccaccac-3' (982 bp) for human glyceraldehyde 3-phosphate dehydrogenase ( GAPDH ). 2, 10, 11, 12) Reaction products were separated on 2% agarose gel in Tris-acetate EDTA buffer, and stained with ethidium bromide.
Western blot analysis
Western blot analysis was performed as previously described. 13, 14) In brief, total lysates from cells were boiled and clarified by centrifugation, and the supernatants were electrophoresed on 5-15% SDS-polyacrylamide gels. The fractionated products were electrotransferred onto Immobilon-P membranes (Millipore, Bedford, MA). After blocking nonspecific binding sites with 1% bovine serum albumin, the membranes were incubated with a rabbit anti-ATF3 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, Ca). The corresponding proteins were visualized using a ProtoBlot western blot AP system (Promega) according to the manufacturer's instructions.
Immunofluorescence staining
Immunofuorescence staining was performed as previously described. 2, 14) In brief, the cells were grown on culture glass slides (Falcon, Lincoln Park, NJ), washed with PBS, and fixed at room temperature. The fixed cells were first blocked for 30 min in a blocking solution and then incubated for 30 min at room temperature with a rabbit anti-ATF3 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). After washing with PBS, antibody binding was detected by the application of Alexa fluor 488-conjugated secondary antibodies (Molecular Probes, OR, USA). DNA was stained with 0.025 µ g/ml 4,6-diamino-2-phenylindole (DAPI) fluorescent dye (Boehringer Mannheim, Mannheim, Germany). The cells were examined under an Olympus IX 70 fluorescence microscope (Olympus, Tokyo, Japan) to determine localization. Images were acquired with a Hamamatsu chilled 3-chip color charge-coupled-device camera (C5810-01) driven by IP lab (Signal Analitics Corp., Vienna, VA) imaging software. . Cells irradiated with Xray were collected at the indicated time points. ATF3 , p21 , and GAPDH mRNA levels were subsequently determined by northern blot analysis. (B) Dose response of ATF3 mRNA expression in normal human keratinocytes (NHK) after X-ray irradiation. The cells were irradiated with X-ray at different doses. RNA was prepared 3 h after treatment. ATF3 , p21 , and GAPDH mRNA levels were subsequently determined by northern blot analysis. (C) ATF3 mRNA induction by X-ray in the absence (-) or presence (+) of the transcription inhibitor actinomycin D (Act D). Normal human keratinocytes (NHK) were treated with actinomycin D 0.5 h prior to X-ray irradiation (10 Gy). Three hours after X-ray irradiation, RNA was prepared and subsequently analyzed by northern blot analysis. (D) Induction of ATF3 mRNA by etoposide treatment in normal human keratinocytes (NHK). Normal human keratinocytes (NHK) were exposed to 50 ng/mL etoposide in DMSO (+) or to only DMSO (-) for 4 h. ATF3 and GAPDH mRNA levels were analyzed by northern blot analysis. (E) Induction of ATF3 and other X-ray-inducible genes by X-ray in normal-human-skin derived keratinocytes (NHK) and fibroblasts (TIG112). The cells were not irradiated, or irradiated with 5 Gy X-ray. RNA was prepared 3 h after treatment. ATF3 , p21 , c-myc and GAPDH mRNA levels were analyzed by northern blot analysis. (F) Induction of ATF3 mRNA by X-ray in normal-humanskin-derived fibroblasts (NHDF1, NHDF2, and TIG112) and lung-derived fibroblasts (TIG1 and TIG3). The cells were not irradiated, or irradiated with 5 Gy X-ray. RNA was prepared 3 h after treatment. ATF3 , p21 , and GAPDH mRNA levels were analyzed by northern blot analysis.
RESULTS
Recently, we have reported preliminarily that ATF3 mRNA is induced by X-ray irradiation in human keratinocytes.
2) We first investigated and characterized ATF3 mRNA induction after X-irradiation in normal human keratinocytes. As shown in Fig. 1A , the induction of the ATF3 transcript by X-ray (5 Gy) was rapid and transient as compared with p21 . The induction level of ATF3 mRNA peaked 2 h after the cells were treated with X-ray, that of p21 mRNA peaked 4 h after. On the other hand, the level of ATF3 mRNA sharply decreased 4 h after. As shown in Fig.  1B , the degree of X-ray induction of ATF3 mRNA increased in a dose-dependent manner. Next, we analyzed ATF3 mRNA induction by X-ray in the presence of actinomycin D, an inhibitor of RNA synthesis. As shown in Fig. 1 C, the X-ray induction of ATF3 in keratinocytes was inhibited when the cells were preincubated with actinomycin D, indicating that it is mediated predominantly at the transcription level. X-ray is a genotoxic stress inducer. We analyzed the induction of ATF3 mRNA by an other genotoxic stress inducer, etoposide. As shown in Fig. 1D , an increase in ATF3 expression level was induced by etoposide treatment, as determined by northern blot analysis. To test the induction of ATF3 mRNA by X-ray in dermal cells, we analyzed it after the X-irradiation of normal human dermal fibroblasts, TIG112 (Fig. 1E) . The X-ray-response genes p21 and c-myc were used as control. The level of p21 mRNA was increased and that of c-myc mRNA was down-regulated by X-irradiation in TIG112 as well as in keratinocytes. The levels of ATF3 mRNA in X-ray-treated TIG112 were lower than those in keratinocytes, although that of p21 mRNA in X-raytreated TIG112 was higher than that in keratinocytes. These results suggest the possibility that the response of dermal fibroblasts is different from that of keratinocytes. To confirm this, further analysis was carried out to compare the X-ray induction of ATF3 mRNA in some fibroblasts, i.e ., dermal fibroblasts (NHDF1 and NHDF2) and lung fibroblasts (TIG1 and TIG3) (Fig. 1F) . Expectedly, in all the cells used, the level of p21 mRNA was increased by X-irradiation. The levels of ATF3 mRNA in two lung fibroblasts, TIG1 and TIG3, as well as in keratinocytes, were markedly increased by Xirradiation. Interestingly, the levels of ATF3 mRNA in two dermal fibroblasts, NHDF1 and NHDF2, as well as in TIG112, were lower than those in keratinocytes. These results suggest the possibility that the induction mechanism of ATF3 mRNA by X-irradiation differs not only between keratinocytes and fibroblasts, but also between dermal fibroblasts and lung fibroblasts.
X-ray activates both p38 MAPK and JNK in human cells. 15) Anisomycin is an inducer of JNK and p38 MAPK pathways. 16) Anisomycin increases the steady-state level of ATF3 mRNA in HeLa cells. 17) Thus, we examined whether the ATF3 is induced by anisomycin in normal human skin cells. Normal human keratinocytes (NHK) or fibroblasts (TIG112) were exposed to 50 ng/mL anisomycin in DMSO (+) or to only DMSO (-) for 2 h. First, the induction of the expression of ATF3 by anisomycin treatment was confirmed by northern blot analysis, using c-jun as control ( Fig. 2A) . We found that ATF3 or c-jun mRNA was induced in both keratinocytes and fibroblasts upon treatment with anisomycin, although there was some difference in induction level between these two genes: c-jun revealed similar levels of gene expression after the treatment in both cells. ATF3 . Whole-cell protein were prepared and subjected to gel electrophoresis followed by immunoblotting using the ATF3 antibody. An asterisk indicates a non-specific band, which is a loading reference. (C) Endogenous ATF3 accumulates within the nucleus of anisomycin-treated human keratinocytes. Normal human keratinocytes were treated with 50 ng/mL anisomycin in DMSO or with only DMSO for 4 h and subjected to immunofluorescene analysis with the anti-ATF3 antibody to localize endogenous ATF3 (a, b). Nuclei were visualized by DNA staining with DAPI (a', b').
induction in keratinocytes was stronger than that in fibroblasts. Next, we examined by western blot analysis and immunofluorescene analyses whether ATF3 is induced by anisomycin in normal human keratinocytes. As shown in Fig. 2B , anisomycin at 50 ng/ml increased the level of ATF3. Furthermore, the staining of ATF3 after treatment with anisomycin was observed mainly within the nuclei of these cells (Fig. 2C) , indicating that endogenous ATF3 induced by anisomycin accumulated within the nuclei of normal human keratinocytes. These results demonstrate that ATF3 is induced and accumulated in the nuclei of keratinocytes upon treatment with anisomycin, which is an activator of p38 MAP kinase/JNK and an apoptosis inducer. ATF3 was induced strongly by X-irradiation in keratinocytes.
2) In addition, in transient expression assay, ATF3 induceed apoptosis in keratinocytes, suggesting that ATF3 plays a role in apoptosis caused by ionizing radiation in keratinocytes. To date, some target promoters for ATF3, e.g., cyclin D1 , have been definitively identified in vitro , although molecular targets of ATF3 remained unclarified in vivo . 18, 19) The proapoptotic protein par-4 is down-regulated in ATF3-overexpressed chick embryo fibroblasts, suggesting that par-4 is regulated by ATF3. 20, 21) Kang et al . (2003) demonstrated that ATF3 plays a role as a TGF-β -inducible Id1 repression factor in epithelial cells. 22) To identify target genes for ATF3 in the X-ray-induced pathway, e.g., apoptosis, in human keratinocytes, we examined whether the candidate genes Id1 , cyclin D1 , and par-4 are induced by X-ray. As shown in Fig. 3 , we observed no significant induction of these genes by X-ray (5 Gy) in normal human keratinocytes, although ATF3 was induced by X-ray under the same conditions.
DISCUSSION
The degree of skin injuries caused by radiation influences the subsequent survival from and prognosis of such injuries. Recently, we have identified using microarray technology ATF3 as a gene regulated by high-dose radiation exposure in normal human epidermal keratinocytes.
2) ATF3 encodes a member of the ATF/CREB family of transcription factors, 23, 24) and its expression is induced in various tissues by different stress signals. 25, 26) The ATF3 function in normal human keratinocytes and skin is still unclear. On the other hand, both the protective and detrimental effects of ATF3 expression have been reported in various cells other than keratinocytes. 4, 27) Most recently, Hartman et al. (2004) have reported the generation of ATF3-deficient mice, and these mice have no lethality or distinct phenotypes.
7) The data support the concept that ATF3 is a stress-inducible gene and is not required under normal conditions. In the present study, the induction of ATF3 mRNA by X-irradiation (5 Gy) is rapid and transient in normal human keratinocytes consistent with the role of ATF3 as a transcription factor. In our recent study, the data showed that overexpressed-exogenous ATF3 induce apoptosis in normal human keratinocytes.
2) X-ray activates both p38 MAPK and JNK in human cells. 15) In this study, we found that ATF3 is induced and accumulats in the nuclei of keratinocytes upon treatment with anisomycin, which is an activator of p38 MAP kinase/JNK and an apoptosis inducer. These results support the notion that ATF3 might cause the apoptosis of human keratinocytes, if the activation of ATF3 and its downstream genes is maintained persistently.
In general, ATM, p53, and Nibrin1 function as key molecules in human cells' response to X-ray irradiation. It was shown that the X-ray induction of ATF3 is dependent on ATM and Nibrin1 but not on p53 in human fibroblasts. 15) To date, although some target promoters for ATF3, e.g., GADD153 and cyclin D1, have been definitively identified in vitro, the molecular targets of ATF3 remain unclarified in vivo. 18, 28) In this study, in normal human keratinocytes, we found no significant induction of three target candidate genes in the other cells, i.e., cyclin D1, Id1, and par-4 by Xray, suggesting the possibility that ATF3 activation by X-ray do not induce these genes in keratinocytes, although further studies are necessary to confirm this. Interestingly, Fan et al. (2002) reported that IR treatment (10 Gy) dose not activate the ATF3 promoter in human colorectal carcinoma cells HCT116 under the conditions in which ATF3 is strongly induced, although the ATF3 promoter is activated by UV and MMS. 5) Further studies to understand the signaling pathway via ATF3 activation by X-ray in keratinocytes might help in the understanding the complicated response of a cell to radiation.
In this study, our data suggest the possibility that the induction mechanism of ATF3 mRNA by X-irradiation differs between keratinocytes and fibroblasts derived from human skin. As described above, overexpressed exogenous ATF3 induces the apoptosis of normal human keratinocy- Fig. 3 . RT-PCR analysis of ATF3 target genes using total RNA from human keratinocytes exposed to ionizing radiation. Normal human keratinocytes were not irradiated, or irradiated with 5 Gy Xray. Total RNA was prepared 3 h after treatment and analyzed by RT-PCR analysis. tes.
2) ATF3 was induced and accumulated in keratinocytes upon treatment with anisomycin, which is an activator of p38 MAP kinase/JNK. On the other hand, Kool et al. (2003) reported that the activation of ATF3 by X-ray is dependent on p38 and JNK kinases and ATF3 may play an important role in the protective response of normal human foreskin fibroblasts to X-ray. 15) Furthermore, the results of the overexpression analysis of ATF3 by other researchers and us indicate that the physiological functions of ATF3 are dependent on cell type and type of derived tissue. 2, 3, 5, 18) Our data also suggest that the induction mechanism of ATF3 mRNA by X-irradiation differs not only between keratinocytes and fibroblasts, but also between dermal fibroblasts and lung fibroblasts. We speculate that the induction mechanism of ATF3 depending on cell type and type of derived tissue, in addition to the duration and magnitude of ATF3 activation, might be the determinants of cell fate, although further studies are necessary to confirm this speculation.
It is expected that the signaling pathways after irradiation are complex in human skin. Most recently, it has been reported that human keratinocytes are more resistant to UVB killing than fibroblasts and the p53 response of keratinocytes is significantly different from that of fibroblasts. 28) This and our present findings suggest that the response to radiation is cell-type-specific in human skin cells. On the other hand, the functions of ATF3 appear to differ depending on the kind of skin cell. This and further studies for the understanding of the induction mechanism of ATF3 by X-ray in human keratinocytes and fibroblasts will shed light on not only the complicated response of skin cells via ATF3 activation after Xirradiation, but also the physiological function of ATF3 in each cell.
